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(57) ABSTRACT

A system and method in which a base station treats the Chan-
nel State Information (CSI) from wireless terminals as only
partially-stale, and exploits this partially-stale CSI to predict
the current channel from old estimates of the channel. The
predicted channel is then used to design a precoder. The base
station shapes the transmitted signal with the precoder so as to
match it as closely as possible to the current channel. Particu-
lar embodiments thus combine the benefits of the stale feed-
back scheme with precoding to match the channel. Conse-
quently, the signal received at a terminal is better conditioned,
thereby providing a greater overall boost in performance of
the communication arrangement between the base station and
the terminal. The usage of partially-stale CSI can be impor-
tant for dense networks with a large number of simple termi-
nals.
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1
PRECODING WITH PARTIALLY STALE
FEEDBACK

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable

REFERENCE TO SEQUENCE LISTING, A
TABLE, OR A COMPUTER PROGRAM LISTING
COMPACT DISC APPENDIX

Not Applicable

TECHNICAL FIELD

The present invention relates to exchange of information
between terminals in a wireless network via a base station in
the network, for the purpose of improving the communication
between the base station and the terminals.

BACKGROUND

Terminals operating in a wireless network may exchange
information via a base station in the network. The exchange
may be in the form of channel feedback for the communica-
tion channel or link (e.g., a Radio Frequency (RF) channel)
(conveniently referred to herein as the “channel”) between
the base station and the wireless terminals. The channel feed-
back may include, for example, one or more of (i) a Channel
Quality Indicator (CQI) indicating channel quality of the
wireless communication channel between the base station
and a User Equipment (UE); (ii) a Precoding Matrix Indicator
(PMI) indicating a preferred precoding matrix for shaping the
transmit signal; and (iii) a Rank Indicator (RI) indicating the
number of useful transmission layers for the data channel as
preferred by the UE. The channel feedback may also include
estimates of channel coefficients, referred to herein as Chan-
nel State Information (or CSI).

The channel feedback may enable the base station to adap-
tively configure a suitable transmission scheme to improve
coverage or user data rate or to more accurately “predict”
channel quality for future transmissions to the terminals. In
case of a mobile communication environment of Third Gen-
eration (3G) and Fourth Generation (4G) cellular networks,
such as Third Generation Partnership Project’s (3GPP) Long
Term Evolution (LTE) network, the Evolved Universal Ter-
restrial Radio Access (EUTRA) or Evolved Universal Terres-
trial Radio Access Network (E-UTRAN) air interface for LTE
may require a base station to allocate resource blocks to aUE
or terminal where the resource blocks are generated by divid-
ing the system bandwidth in the frequency domain. A base
station may transmit wireless channel resource allocation
information to a mobile handset, terminal or UE via a down-
link control signal, such as the Physical Downlink Control
Channel (PDCCH) signal in 3GPP’s 3G and 4G networks. In
modern cellular networks (e.g., LTE), after receiving this
PDCCH downlink transmission (i.e., transmission from a
base station to a mobile device), the UE may feed back the
CSI via uplink signaling (i.e., transmission from a mobile
device to the base station) to the base station such as the
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2

Physical Uplink Control Channel (PUCCH) or the Physical
Uplink Shared Channel (PUSCH).

In “Completely Stale Transmitter Channel State Informa-
tion is Still Very Useful,” by M. Maddah-Ali and D. Tse,
Allerton Conference, 2010 (referred to hereinafter as “Paper-
17), a multi-user downlink Multiple Input Multiple Output
(MIMO) scheme is described with a mechanism for informa-
tion exchange between single-antenna terminals, wherein the
terminals feed back CSI to the serving base station. The base
station exploits this CSI to broadcast an additional signal,
which each terminal uses to create a Virtual 2-antenna
Receiver (V2RX). The benefit of the V2RX may include a
boost in performance for each terminal, which can translate
into better coverage, higher bit rate, higher cell throughput
(e.g., in case of a cellular wireless network), etc.

FIG. 1 illustrates an exemplary arrangement 10 in which a
base station 12 facilitates information exchange between two
terminals 14, 15 to form a V2RX at each terminal. The base
station 12 may have two transmit/receive antennas (not
shown)—herein referred to as “antenna-1” and “antenna-2,”
and may transmit information to two terminals (i.e., terminal
A 14 and terminal B 15 in FIG. 1) operating in the wireless
network served by the base station 12. The arrows 17 and 18
indicate such transmissions from the base station 12 to
respective terminals 14-15. Each terminal 14-15 may have
only a single receive antenna and can communicate back with
the base station 12, but cannot communicate directly with the
other terminal (as indicated by an “X” mark on the dotted
arrow 20). However, as discussed below, the terminals 14-15
may be able to exchange information with each other via the
base station 12 as indicated by exemplary dotted arrows
22-23, which show, by way of an example, terminal B sending
information to terminal A via base station 12 in FIG. 1.
Similarly, although not shown by any dotted arrows in FIG. 1,
terminal A may send information to terminal B via base
station 12.

Attime 1, the base station 12 may transmit symbols u, (via
antenna-1) and v, (via antenna-2) intended for terminal A,
which receives:

ey
where h, [1] and h,,[1] are antenna-specific channel
responses associated with terminal A (i.e., channel responses
from base station antenna-1 and antenna-2, respectively, to
terminal A), and z,[1] is the channel noise associated with
terminal A. As used herein, the term “symbol” may refer to
information content transmitted by a single antenna in a
single transmission from the base station 12 to one or more
terminals over the communication channel between the base
station and the terminal(s). In case of an LTE network, for
example, such transmission may include a radio sub-frame,
or transmission time interval (TTT), having one or more slots
(not shown). Terminal A 14 can try to recover u, and v, from
y4[1]. Being in the same communication environment, termi-
nal B 15 is also “listening” to the transmission from the base
station 12 to terminal A 14, and receives:

yA[1]:hA,l[1]uA+hA,2[1]VA+ZA[1]

@
where hy ;[1], hz ,[1] and zz[1] relate to terminal B and are
defined similarly to terminal A-related parameters mentioned
above. If terminal A also had access to yz[1], it would use it
along withy ,[1] to form a 2-antenna receiver (V2RX), boost-
ing its performance significantly. However, as mentioned ear-
lier, terminal B cannot talk directly to terminal A. Thus, in the
arrangement of FIG. 1, terminal B communicates indirectly
with terminal A through the base station (as indicated by
dotted arrows 22-23), allowing terminal A to form a Virtual

)’3[1]:}13,1[1]”A+h3,2[1]"4+23[1]
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2-antenna Receiver (V2RX) as discussed below. Similarly,
terminal A helps terminal B form its own virtual 2-antenna
receiver. This process is explained below.

Attime 2, the base station 12 may transmit symbols uz (via
antenna-1) and v (via antenna-2) intended for terminal B,
which receives:

)’3[2]:}13,1 [2]”3"'}13,2[2]"3"'23 [2] (3)

Here, terminal A 14 is also “listening” to base station’s 12
transmission to terminal B 15, and receives:

Ya [2]:}14,1 [2]”3"'}14,2[2]"3"'24 [2] 4

where the channel responses (h[t]) and the noise terms (z[t])
are defined as above.

In the arrangement 10 in FIG. 1, before time 3, terminal B
15 feeds back estimates of antenna-specific parameters h;
[1]and hy ,[1] to the base station 12. Similarly, before time 3,
terminal A 14 also feeds back estimates ofh,, ,[2] and h,, ,[2].
The terminals A and B may provide these feedbacks via
respective CSI reports to the base station 12. At time 3, the
base station may form a new combined symbol

®

which it may transmit (to both terminals A and B) from
antenna-1 only, for simplicity. It is noted here that w _; may
contain very useful information for both terminals A and B,
provided they are able to parse it out. Now focusing on ter-
minal A, it is observed that terminal A receives:

wap=h g1 [2Jupthy o[2]vpthg  [Luthp5[1]v,

(6
In response, terminal A can form a virtual second antenna
signal using y ,[3] (from equation (6) above) and y ,[2] (from
equation (4) above), suppressing the contributions of uz and
vz. This virtual second antenna signal can be given by:

Yal317h 1 [31w 45+24(3]

Val3l = yal3] = ha,[3lyal2] o

=ha1[31hp [1ua + ha 1 Bl 2[11va +24[3] = hay[3124[2]

Together, y,[1] and y',[3] form a V2RX for terminal A. Thus,
in effect, terminal A “sees” a 2x2 MIMO unicast scenario,
and can use any appropriate method to recover u, and v ,. In
essence, with two observations y,[1] and y',[3], terminal A
has enough degrees of freedom to solve for the two unknown
transmitted symbols u, and v ,. This can be done through, for
example, maximum likelihood detection, which jointly
hypothesizes the values of u, and v, to find the most likely
combination given the observation of y,[1] and y'[3].
Another example is successive interference cancellation, in
which symbol u is detected first, treating the contribution
from v, as interference. After detecting u,, the interference
contributed by u, is then cancelled fromy ,[1] and y' ,[3]. The
cleaned-up signal is used to detect v ,. The detection order of
u, and v, may be reversed.
Similarly, at time 3, terminal B receives:

®)

and combines it with y;[1] (from equation (2) above) to form
a virtual second antenna for terminal B, suppressing the con-
tributions of u, and v . As in case of terminal A, terminal B
also “sees” a 2x2 MIMO unicast scenario and can recover Ug
and v using an appropriate method as mentioned above.
Overall, the communication scheme in the arrangement of
FIG. 1 requires 3 channel uses (at times t=1, 2, 3) to transmit
4 symbols (u,, v, Ug, and V). In that sense, there is a gain,
which is identified as a gain in degrees of freedom in Paper-1.

)’3[3]:}13,1 [31wp+z5[3]
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The above-discussed V2RX creation scenario generalizes
readily to a base station with M>2 antennas and M single-
antenna terminals. The scenario also generalizes readily to
terminals with N>1 receive antennas.

SUMMARY

As discussed above, a base station may facilitate informa-
tion exchange/feedback between two terminals to enable
each terminal to form a V2RX. Via CSI reports to the base
station, each terminal may indirectly supply to the other ter-
minal information “received” from the base station when the
supplying-terminal is not the primarily-intended recipient of
the information transmitted from the base station. Such feed-
back of additional information enables the other terminal to
more robustly receive transmissions from the base station.

However, in Paper-1, it is assumed that each CSI received
by the base station from a terminal in the wireless network is
stale, in the sense that the channel (between the base station
and the terminals) may have changed completely by the time
the base station transmits the extra signal (i.e., the combined
symbol given by equation (5) above). Thus, in the above-
discussed V2RX scheme of Paper-1, there is no attempt to
exploit any time-correlation in the channel response. Thus,
Paper-1 effectively assumes a totally stale CSI. However, the
total staleness assumption may be too extreme in practice
because the channel retains significant correlation over time.
Modern wireless systems have very short time intervals—in
the order of a millisecond—for each communication event
(transmission/reception). Even accounting for the “turn-
around time” (i.e., time to receive/process information and
respond accordingly) of a terminal and the base station, there
is still a significant correlation in the channel because of
statistically negligible impact of any such time “delay” at a
processing entity (a base station or a terminal). Thus, the CSI
received at the base station is only partially stale, and the
information contained in such partially-stale CSI may be
wasted when the CSI is inaccurately assumed to be totally
stale.

It is therefore desirable to devise a methodology that
exploits the partially-stale CSI feedback received at a base
station in a V2RX scheme or a similar scheme involving
indirect communication between two wireless terminals via
the base station.

Particular embodiments of the disclosed solutions may
provide a solution to the above-mentioned inaccurate
assumption of totally-stale CSI and resulting waste of impor-
tant information contained therein. Particular embodiments
treat the CSI from terminals as only partially stale, and
exploits this partially-stale CSI to predict the current channel
from old estimates of the channel. The predicted channel is
used to design a precoder. The base station precodes the
transmitted signal (i.e., shapes the transmitted signal with the
precoder) so as to match it as closely as possible to the current
channel. As a result, the signal received at a terminal is better
conditioned, and the overall performance of the communica-
tion arrangement is further improved over the baseline
totally-stale CSI scheme discussed in the “Background” sec-
tion above with reference to Paper-1.

In one embodiment, a method is disclosed of providing
wireless transmissions from a processor-controlled base sta-
tion that is in wireless communication with a plurality of
terminals via a communication channel established in a wire-
less network associated therewith. The base station includes a
plurality of transmit antennas. The method comprises the
steps of: using the processor, receiving respective terminal-
specific Channel State Information (CSI) feedback from each
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of a first terminal and a second terminal in the plurality of
terminals, wherein each terminal-specific CSI feedback cor-
responds to all antenna-specific transmissions from the base
station to either of the first and the second terminals, wherein
the antenna-specific transmissions temporally precede the
terminal-specific CSI feedback; using the processor, deter-
mining a predicted communication channel based on a pre-
determined number of time-wise correlated CSI feedbacks
from the first and the second terminals, wherein the predicted
communication channel represents a prediction of the com-
munication channel; using the processor, shaping at least one
terminal-specific transmission intended for the correspond-
ing one or both of the first and the second terminals based on
the predicted communication channel; and, using the proces-
sor, providing a common transmission intended for both of
the first and the second terminals and related to a combination
of information symbols in an earlier terminal-specific trans-
mission to at least one of the first and the second terminals.

In another embodiment, a method is disclosed of providing
wireless transmissions from a processor-controlled base sta-
tion that is in wireless communication with M terminals viaa
communication channel established in a wireless network,
wherein the base station includes M transmit antennas and
each of the M terminals has at least one receive antenna, and
wherein M>2. The method comprises the steps of: using the
processor, receiving respective terminal-specific CSI feed-
back from each of the M terminals, wherein each terminal-
specific CSI feedback corresponds to all antenna-specific
transmissions from the base station to any of the M terminals,
wherein the antenna-specific transmissions temporally pre-
cede the terminal-specific CSI feedback; using the processor,
determining a channel estimate of the communication chan-
nel based on the respective CSI feedback received from each
of'the M terminals; using the processor, repeating the recep-
tion of the CSI feedback and determination of the channel
estimate for a pre-determined number of temporally consecu-
tive base station transmissions, thereby generating a pre-
determined number of time-wise consecutive channel esti-
mates; using the processor, determining a predicted
communication channel based on the pre-determined number
of time-wise consecutive channel estimates, wherein the pre-
dicted communication channel represents the prediction of
the communication channel; using the processor, shaping at
least one terminal-specific transmission intended for the cor-
responding one or more of the M terminals based on the
predicted communication channel; and, using the processor,
providing a common transmission intended for all of the M
terminals and related to a combination of information sym-
bols in an earlier terminal-specific transmission to at least one
of the M terminals.

In a further embodiment, an improved method of forming
a respective Virtual 2-antenna Receiver (V2RX) at a first
terminal and a second terminal that are in wireless commu-
nication with a base station via a communication channel
established in a wireless network is disclosed, wherein the
base station has at least two transmit antennas. The improve-
ment comprises: configuring each of the first and the second
terminals to supply a respective CSI feedback that corre-
sponds to all antenna-specific transmissions from the base
station to either terminal, wherein the antenna-specific trans-
missions temporally precede the respective terminal-specific
CSI feedback.

In another embodiment, a base station is disclosed that is in
wireless communication with a first terminal and a second
terminal via a communication channel in a wireless network.
The base station has a plurality of transmit antennas. The base
station is configured to perform the following: receive a
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respective terminal-specific CSI feedback from each of the
first and the second terminals, wherein each terminal-specific
CSI feedback corresponds to all antenna-specific transmis-
sions from the base station to either of the first and the second
terminals, wherein the antenna-specific transmissions tempo-
rally precede the terminal-specific CSI feedback; determine a
predicted communication channel based on a pre-determined
number of time-wise correlated CSI feedbacks from the first
and the second terminals, wherein the predicted communica-
tion channel represents a prediction of the communication
channel; shape at least one terminal-specific transmission
intended for the corresponding one or both of the first and the
second terminals based on the predicted communication
channel; and provide a common transmission intended for
both of the first and the second terminals and related to a
combination of information symbols in an earlier terminal-
specific transmission to at least one of the first and the second
terminals.

In yet another embodiment, a first wireless terminal is
disclosed, which is configured to perform the following:
establish wireless communication with a base station via a
communication channel in a wireless network, wherein the
base station has a plurality of transmit antennas; and supply a
plurality of CSI feedbacks to the base station so as to enable
the base station to determine a precoder, wherein each CSI
feedback corresponds to all antenna-specific transmissions
from the base station to either the first wireless terminal or a
second wireless terminal that is in wireless communication
with the base station via the communication channel in the
wireless network, and wherein the antenna-specific transmis-
sions temporally precede the CSI feedback.

In a further embodiment, a system is disclosed that com-
prises a communication node, a first wireless terminal, and a
second wireless terminal. The communication node is in
wireless communication with a plurality of wireless terminals
via a communication channel established in a wireless net-
work, wherein the communication node has a plurality of
transmit antennas and is configured to perform the following:
(1) receive a respective CSI feedback from each of a first
wireless terminal and a second wireless terminal in the plu-
rality of wireless terminals, (ii) determine a channel estimate
of the communication channel based on the respective CSI
feedback received from each of the first and the second wire-
less terminals, (iii) repeat the reception of the CSI feedback
and determination of the channel estimate for a pre-deter-
mined number of temporally consecutive transmissions from
the communication node, thereby generating a pre-deter-
mined number of time-wise consecutive channel estimates,
(iv) determine a predicted communication channel based on
the pre-determined number of time-wise consecutive channel
estimates, wherein the predicted communication channel rep-
resents a prediction of the communication channel, (v) shape
at least one terminal-specific transmission intended for the
corresponding one or both of the first and the second wireless
terminals based on the predicted communication channel,
and (vi) provide a common transmission intended for both of
the first and the second terminals and related to a combination
of information symbols in an earlier terminal-specific trans-
mission to at least one of the first and the second terminals.
The first and the second wireless terminals are configured to
provide the respective terminal-specific CSI feedbacks to the
communication node, wherein each terminal-specific CSI
feedback corresponds to all antenna-specific transmissions
from the communication node to either wireless terminal,
wherein the antenna-specific transmissions temporally pre-
cede the terminal-specific CSI feedback.
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The usage of partially-stale CSI according to particular
embodiments the disclosed teachings can be an important
enabler for dense networks with a large number of simple
terminals. For example, such terminals may be sensors for
various machine-to-machine applications (e.g., sensors (e.g.,
wireless picture or video cameras) on a train or a bus, sensors
attached to home electrical meters to wirelessly report the
meter reading, sensors placed on ground (e.g., for monitoring
and wirelessly reporting seismic activity)), as opposed to
full-fledged phones (e.g., cellular telephones or smart-
phones). Such terminals are likely to be small and cheap, with
a single antenna (for transmission as well as reception), a
noisy front end, limited processing capability, and slow feed-
back. This makes the boost in the terminal’s performance
afforded by the disclosed solutions particularly useful.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following section, the invention will be described
with reference to exemplary embodiments illustrated in the
figures, in which:

FIG. 1 illustrates an exemplary arrangement in which a
base station facilitates information exchange between two
terminals to form a Virtual 2-antenna Receiver (V2RX) at
each terminal;

FIG. 2 is a diagram of an exemplary wireless system in
which partially-stale CSI usage methodology according to
the teachings of one embodiment of the present invention
may be implemented;

FIG. 3 depicts an exemplary flowchart according to one
embodiment of the present invention to perform precoding
with a partially-stale CSI feedback;

FIG. 4 is a simplified illustration of a cascade of a precoder
and current channel along with the equivalent effective chan-
nel according to one embodiment of the present invention;

FIG. 5 is a block diagram of an exemplary wireless termi-
nal according to one embodiment of the present invention;
and

FIG. 6 is a block diagram of an exemplary communication
node or base station according to one embodiment of the
present invention.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the invention. However, the present invention may be
practiced without these specific details. In other instances,
well-known methods, procedures, components and circuits
have not been described in detail so as not to obscure the
present invention. Additionally, it should be understood that
although the disclosed solutions is described primarily in the
context of a dense wireless network with a large number of
simple terminals, the disclosed solutions can be implemented
in other forms of wireless networks as well (for example, a
corporate-wide wireless data network, a satellite communi-
cation network, a cellular telephone/data network, and the
like).

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
present invention. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment” or “according to
one embodiment” (or other phrases having similar import) in
various places throughout this specification are not necessar-
ily all referring to the same embodiment. Furthermore, the
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particular features, structures, or characteristics may be com-
bined in any suitable manner in one or more embodiments.
Furthermore, depending on the context of discussion herein,
a singular term may include its plural forms and a plural term
may include its singular form. Similarly, a hyphenated term
(e.g., “pre-determined,” “antenna-1”, etc.) may be occasion-
ally interchangeably used with its non-hyphenated version
(e.g., “predetermined,” “antenna 1,” etc.), and a capitalized
entry (e.g., “Terminal”) may be interchangeably used with its
non-capitalized version (e.g., “terminal”). Such occasional
interchangeable uses shall not be considered inconsistent
with each other.

It is noted at the outset that the terms “coupled,” “con-
nected”, “connecting,” “electrically connected,” etc., are used
interchangeably herein to generally refer to the condition of
being electrically/electronically connected. Similarly, a first
entity is considered to be in “communication” with a second
entity (or entities) when the first entity electrically sends
and/or receives (whether through wireline or wireless means)
information signals (whether containing voice information or
non-voice data/control information) to the second entity
regardless of the type (analog or digital) of those signals. It is
further noted that various figures (including network dia-
grams or component diagrams) shown and discussed herein
are for illustrative purpose only, and are not drawn to scale.

FIG. 2 is a diagram of an exemplary wireless system 25 in
which partially-stale CSI usage methodology according to
the teachings of one embodiment of the present invention
may be implemented. The system 25 may include two wire-
less terminals—terminal A 28 and terminal B 29—that are in
wireless communication with a wireless network 32 through
a base station (also interchangeably referred to herein as a
“communication node” or “node”) 34 of the network 32. The
network 32 may be operated, managed, owned by a wireless
service provider (or operator). The base station 34 may be, for
example, a base station in a 3G network, or an evolved
Node-B (eNodeB or eNB) or Home eNodeB (HeNB) when
the carrier network is a Long-Term Evolution (LTE) network,
or any other home base station or femtocell, and may provide
radio interface (e.g., an RF channel) to the wireless terminals
28-29. In other embodiments, the base station 34 may also
include a site controller, an access point (AP), or any other
type of radio interface device capable of operating in a wire-
less environment. It is noted here that the terms “mobile
handset,” “wireless handset,” “terminal,” “wireless terminal,”
and “User Equipment (UE)” may be used interchangeably
herein to refer to a wireless communication device that is
capable of voice and/or data communication via a carrier
network. Similarly, the terms “wireless network™ or “carrier
network” may be used interchangeably herein to refer to a
wireless communication network (e.g., a cellular network, a
proprietary data communication network, a corporate-wide
wireless network, etc.) facilitating voice and/or data commu-
nication with two user equipments (UEs). Like terminals
14-15, in the embodiment of FIG. 2, each terminal 28-29 may
be a terminal with a single antenna (performing both trans-
mission and reception) and can communicate back with the
base station 34, but cannot communicate directly with the
other terminal. Thus, terminals 28-29 may exchange infor-
mation with each other via the base station 34 in the same
manner as that discussed with reference to terminals 14-15 in
FIG. 1. In another embodiment, each terminal 28-29 may
have N>1 receive antennas. In the exemplary embodiment of
FIG. 2, the base station 34 is shown to include two antennas—
antenna-1 identified by reference numeral “36” and
antenna-2 identified by reference numeral “37”, each of
which could perform transmission and reception. In other
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embodiments, the wireless network 32 may be a dense net-
work with a large number of wireless terminals (e.g., M>2
single-antenna terminals), in which case the base station 34
may have M>2 antennas. For ease of discussion, only two
single-antenna terminals 28-29 served by one two-antenna
base station 34 are shown in F1G. 2. Itis observed here that the
terminals 28-29 may be stationary or mobile.

As mentioned before, in one embodiment, the terminals
28-29 may be simple terminals with limited processing capa-
bility. For example, the terminals 28-29 may be sensors for
various machine-to-machine applications (e.g., sensors (e.g.,
wireless picture or video cameras) on a train or a bus sending
data to a base station that also may be on the train or bus,
sensors attached to home electrical meters to wirelessly
report the meter reading to a mobile base station (e.g., on a
utility truck), sensors placed on ground (e.g., for monitoring
and wirelessly reporting seismic activity) and communicat-
ing with a stationary or mobile (e.g., on an airplane) base
station), as opposed to full-fledged phones (e.g., cellular tele-
phones or smartphones). Such terminals may be small and
cheap, with a single antenna (for transmission as well as
reception). However, the disclosed solutions (related to indi-
rect communication between two wireless terminals via a
base station) may also be used in conjunction with other
more-sophisticated mobile handsets such as, for example,
modern cellular telephones or data transfer equipments (e.g.,
a Personal Digital Assistant (PDA) or a pager), smartphones
(e.g., iPhone™, Android™, Blackberry™, etc.), computers,
or any other type of user devices capable of operating in a
wireless environment.

In addition to providing air interface or wireless channel
(e.g., as represented by wireless links 36-37 in FIG. 2) to the
terminals 28-29 via antennas 36-37, the communication node
(or base station) 34 may also perform radio resource manage-
ment (as, for example, in case of an eNodeB or HeNB in an
LTE system) using, for example, the channel feedback reports
received from the terminals 28-29 operating in the network
32. It is noted here that the term “channel,” as used herein,
may refer to a single, physical over-the-air interface between
the base station 34 and terminals 28-29. However, between
any two points (e.g., a transmit antenna and a receive
antenna), there may be a specific effective channel response,
summarizing all the signal losses, signals bouncing off of
obstacles, etc. This effective channel response between any
such two points may be represented by a “channel coeffi-
cient.” Thus, as discussed in more detail below with reference
to equation (9), two transmit antennas (on the base station 34)
and two receive antennas (one on each terminal 28, 29) may
be represented by four channel coefficients.

In case of a 3G carrier network 32, the communication
node 34 may include functionalities of'a 3G base station along
with some or all functionalities of a 3G Radio Network Con-
troller (RNC) to process partially-stale CSI as discussed in
more detail below. Communication nodes in other types of
carrier networks (e.g., 4G networks and beyond) also may be
configured similarly. In one embodiment, the base station 34
may be configured (in hardware, via software, or both) to
implement the partially-stale CSI usage methodology as dis-
cussed herein. For example, when existing hardware archi-
tecture of the base station 34 cannot be modified, the par-
tially-stale CSI usage methodology according to one
embodiment of the present invention may be implemented
through suitable programming of one or more processors
(e.g., processor 74 (or, more particularly, processing unit 80)
in FIG. 6) in the communication node 34. The execution of the
program code (by a processor in the node 34) may cause the
processor to use partially-stale CSI to determine a precoder
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and apply the precoder to transmitted signals as discussed
herein. Thus, in the discussion below, although the base sta-
tion 34 may be referred to as “performing,” “accomplishing,”
or “carrying out” a function or process, it is evident to one
skilled in the art that such performance may be technically
accomplished in hardware and/or software as desired. Simi-
larly, the terminals 28-29 may be suitably configured (in
hardware and/or software) to receive the transmissions from
the base station 34, recover the transmitted symbols, and
provide CSI reports to the base station 34.

The carrier network 32 may include a network controller
42 coupled to the base station 34 and providing logical and
control functions (e.g., terminal mobility management,
access to external networks or communication entities, etc.)
in the network 32. In case of an LTE carrier network, the
network controller 42 may be a core network including an
Access Gateway (AGW). Regardless of the type of carrier
network 32, the network controller 42 may function to pro-
vide connection of the base station 34 to other terminals (not
shown) operating in the carrier network 32 and also to other
communication devices (e.g., wireline or wireless phones,
computers, monitoring units, etc.) or resources (e.g., an Inter-
net website) in other voice and/or data networks (not shown)
external to the carrier network 32. In that regard, the network
controller 42 may be coupled to a packet-switched network
(e.g., an Internet Protocol (IP) network such as the Internet)
(not shown) as well as a circuit-switched network (not shown)
such as the Public-Switched Telephone Network (PSTN) to
accomplish the desired connections beyond the carrier net-
work 32.

The carrier network 32 may be a cellular telephone net-
work or a non-cellular wireless network (whether voice net-
work, data network, or both). Furthermore, portions of the
carrier network 32 may include, independently or in combi-
nation, any of the present or future wireline or wireless com-
munication networks such as, for example, the PSTN, or a
satellite-based communication link. Similarly, as also men-
tioned above, the carrier network 32 may be connected to the
Internet via its network controller’s 42 connection to an IP
(packet-switched) network (not shown) or may include a
portion of the Internet as part thereof.

FIG. 3 depicts an exemplary flowchart 45 according to one
embodiment of the present invention to perform precoding
with a partially-stale CSI feedback. The flowchart 45 is dis-
cussed briefly here, and various blocks in the flowchart 45 are
discussed in more detail below. As shown at block 48 in FIG.
3, the base station 34 may receive CSI feedbacks from all
terminals (i.e., both of the terminals 28 and 29 in FIG. 2) at all
times. Each terminal-specific CSI feedback may correspond
to all those antenna-specific transmissions from the base sta-
tion 34 that time-wise precede the terminal-specific feedback.
For example, the CSI feedback from terminal A 28 related to
time 1 may correspond to all antenna-specific transmissions
from base station’s antennas 1 and 2 (i.e., antennas 36, 37 in
FIG. 2) at time 1, and so on. At block 50, the base station 34
may determine estimate of the channel based on the respec-
tive CSI feedbacks from the terminals 28-29, and because the
communication channel between the base station 34 and the
terminals 28-29 may retain significant correlation over time,
the base station may generate a pre-determined number of old
estimates of the channel based on partially-stale CSI (corre-
sponding to a pre-determined number of time-wise consecu-
tive transmissions from the base station 34). These “old” or
earlier estimates of the channel also may be time-wise con-
secutive (e.g., estimates att-1, t-2, t-3, etc.). In one embodi-
ment, “t” may be used to index a TTI. At block 52, the base
station 34 may predict current channel (at time=t) using the
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old estimates of the channel (from block 50). At block 54, the
base station 34 may determine a precoder (for transmissions
at time=t) based on the predicted channel at block 52. There-
after, at block 56, the base station 34 may perform signal-
shaping using the precoder by applying the precoder to at
least one terminal-specific transmission (e.g., transmission
intended specifically for terminal A, or for terminal B, or for
both).

A detailed discussion of the methodology depicted in the
flowchart 45 in FIG. 3 is now provided. For the sake of
compactness, the familiar matrix notation is used in the dis-
cussion below. At time t, the wireless communication channel
(between the base station 34 and terminals 28-29) may be
written as a matrix of antenna-specific channel responses
(i.e., channel responses from antennas 1 and 2 identified by
reference numerals “36” and “37” in FIG. 2) associated with
corresponding terminals A and B. The matrix is given as:

)

[hA,l [1] haplil }
H[r] =

hplt] hpali]

Itis noted here that in the baseline scheme in Paper-1, only the
“listening” terminal needed to feed back CSI. For instance, at
time 1, Terminal B fed back estimates of hy ;[1] and h ,[1]
(via terminal-specific CSI from terminal B), whereas Termi-
nal A did not feed back estimates of h,, ,[1] and h,,[1]. In
contrast, in one embodiment of the present invention, it is
assumed that both terminals A and B (i.e., terminals 28-29 in
FIG. 2) feed back corresponding CSI to the base station 34 at
all times (as indicated at block 48 in FIG. 3). Thus, in one
embodiment of the present invention, for each time t, after
some delay D, the base station 34 has an estimate of the whole
matrix H[t] (in equation (9) above), and the estimate is
denoted as H[t] (which represents estimated channel deter-
mined by the base station 34 using CSI’s received from ter-
minals 28-29). It is noted here that the antenna-specific
parameters h[ . . . ] in equation (9) do not represent any
precoding. The precoder-based version of the matrix in equa-
tion (9) is discussed below with reference to equations (12)
and (19).

The base station 34 may predict the channel matrix at time
t (blocks 50 and 52 in FIG. 3), denoted H[t] (which may be
referred to as “predicted channel”), based on a pre-deter-
mined number of time-wise consecutive “old” channel esti-
mates H[t-D], O[t-D-1], . . . , H[t-D-n+1], where “D”
represents the time delay in receiving a CSI feedback from a
terminal in response to a time-wise preceding corresponding
transmission from the base station and “n” is a pre-deter-
mined number of old estimates, that may be selected as per
desired implementation. For example, “n” may be chosen
according to the rate of change of the channel, which is
affected by the speed of the terminal. As is understood, the
time-wise consecutive earlier channel estimates HJ . . . | may
correspond to similarly temporally consecutive transmissions
from the base station 34. Hence, it is seen that the base station
34 may exploit time-wise correlation among CSI feedbacks
from the terminals (as represented by temporally-related
channel estimates H . . . ]) to determine the predicted channel
A[t]. The mismatch between the true and predicted channels
can be modeled as:

H[J=H[i]+A (10)

where A is the prediction error. It is seen from equation (10)
that a shorter delay (i.e., delay “D” in communication
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between base station and terminals A, B) leads to a better
prediction and a smaller prediction error A.

There are many well-known methods for predicting F[t],
with different models and tradeoffs of complexity and per-
formance. For instance, the base station 34 may use a moving
average of n estimates as given below:

n=1

Al =Z apf[r—D - k]

k=0

an

where the coefficients a, may be fixed, or adapted to reflect
the correlation of the channel over time. A popular approach
in determining the prediction filter coefficients o is based on
Wiener filtering discussed in J. Heo, Y. Wang, and K. Chang,
“A novel two-step channel prediction technique for support-
ing adaptive transmission in OFDM/FDD system,” IEEE
Trans. Veh. Technol., Vol. 57, No. 1, pp. 188-193, January
2008, which discussion is incorporated herein by reference.

Given the predicted channel HJ[t], the base station 34 may
then determine (e.g., through design or selection as discussed
hereinbelow) a precoder, denoted as P[t], to shape the trans-
mitted signal at time t. The precoder determination is indi-
cated at block 54 in FIG. 3. The cascade of the precoder and
the true channel creates an effective channel experienced by
the transmitted signal (before the precoder) and given by the
product

Heglt]=H[t]P[1]

FIG. 4 is a simplified illustration of a cascade of a precoder 60
and current channel 62 along with the equivalent effective
channel 64 according to one embodiment of the present
invention. The signal to-be-transmitted may be input to the
precoder 60 and then transmitted to the terminal(s) over the
channel 62 (as indicated at block 56 in FIG. 3). Thus, as
shown in FIG. 4, the signal may experience the effective
channel 64.

There are many well-known methods for precoder design,
with different tradeoffs of complexity and performance.
(More details on precoding, also known as transmit beam-
forming, may be obtained from D. Tse and P. Viswanath,
“Fundamentals of Wireless Communication,” Cambridge
University Press, Cambridge, U.K. 2005; and D. Astely, E.
Dahlman, A. Furuskar, Y. Jading, M. Lindstrom, and S.
Parkvall, “LTE: the evolution of mobile broadband,” IEEE
Comm. Mag., Vol. 47, No. 4, pp. 44-51, April 2009.) For
example, in one embodiment, the base station 34 may use a
zero-forcing precoder as discussed in Y. Taesang and A. Gold-
smith, “On the optimality of multiantenna broadcast sched-
uling using zero-forcing beamforming,” IEEE J. on Select
Areas in Commun., Vol. 24, No. 3, pp. 528-541, March 2006,
the discussion of which related to zero-forcing precoder is
incorporated herein by reference. In that embodiment, the
precoder may be given by:

(12)

Pj=H'[1] (13)

ifthe inverse exists. Alternatively, in another embodiment, the
base station may use an eigen-beamformer as discussed in the
earlier-mentioned reference of D. Tse and P. Viswanath,
“Fundamentals of Wireless Communication,” Cambridge
University Press, Cambridge, U.K. 2005, the discussion of
which related to eigen-beamforming is incorporated herein
by reference. In this embodiment, the precoder may be given
by:

Pf]=U (14)
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where U is a unitary matrix that satisfies the following:

B A ]=UNU" (15)

In equation (15), A is a diagonal matrix, U” represents the
Hermitian (conjugate transpose) of U, and F”[t] represents
the Hermitian of FI[t]. With eigen-beamfoming, the effective
channel (in equation (12)) becomes HU. The receiver (e.g.,
the terminals 28-29) may estimate the effective channel (in
equation (12)) and apply match-filtering to the effective chan-
nel, giving rise to a net channel matrix

H,, ~HU'HU 16)

Thus, the net channel matrix may represent the effective
channel as estimated at the receiver. Channel estimation at the
receiver may be facilitated by including known reference
symbols in a subframe (or TTT). These reference symbols are
processed by precoder P[t]=U and then transmitted through
the radio channel H. Thus, by observing the received values
corresponding to these known reference symbols, the receiver
can form an estimate of HU. In any event, regardless of the
specific method of precoder determination by the base station
34, the purpose of the precoder is to match the transmitted
signal to the channel as well as possible, resulting in a better
conditioned signal at the receiver than without precoding.

It is observed here that the mismatch between the true and
predicted channels, as reflected in A in equation (10), may
affect the ability of the precoder to condition the signal input
thereto. This is easy to see with the zero-forcing precoder in
equation (13), which transforms the true channel H[t] into the
effective channel (given in equation (12)):

an

where | is the identity matrix. In equation (17), the term
AH![t] reflects the prediction error. In the absence of such
prediction error, the effective channel (in equation (17))
becomes the ideal channel represented by the identity matrix
I, which means that channel is perfectly balanced and
orthogonal. Intuitively, one can see that a small A leads to a
small AFI~'[t], and an effective channel that is closer to ideal.

In case of the eigen-beamformer in equation (14), the rela-
tionship in equation (15) can be used to write the net channel
matrix in equation (16) as:

H,.~A°+2Re{ U N AU U'APAU (18)

where Re{x} represents the real part of the complex number
“x.” It is seen from equation (18) that a small A makes the last
two terms in the equation small, thereby making the net
channel matrix closer to the diagonal matrix A>.

After determining the precoder as discussed hereinbefore,
it is now assumed that the base station 34 applies transmit
beamforming (or precoding) to the first and second transmis-
sions (i.e., to symbols transmitted at times 1 and 2) to the
terminals 28-29. Leth, ;ﬁ [t] be the effective channel response
(including the precoder) from base station’s transmit antenna
j to terminal x at time t. It is observed here that this effective
channel response is antenna-specific and represents the pre-
coder-based version of the channel response h[t] discussed
hereinbefore. Thus, similar to the channel’s matrix represen-
tation in equation (9), the matrix for the effective channel (in
equation (12)) may be given by:
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hi{{-l [ hi\f{z [ } 19

Hapli] =
! [hi{ﬁ AL

It is noted here that despite signal-shaping by the base
station 34 using a precoder designed by exploiting partially-
stale CSI’s from the terminals 28-29, the expressions of equa-
tions (1)-(8) still hold in the system 25 of FIG. 2, except that
each of the channel response h, [t] in these equations are now
replaced with the effective channel response h, ;f [t]. Thus,
for example, with transmit beamforming (or precoding)
applied to the first and second transmissions (i.e., to symbols
transmitted at times 1 and 2 to the terminals 28-29 as men-
tioned above), the combined symbol w ,; may become:

W4B :hA,l#[2]”3‘*}1422’?[2]"3"‘}13,1#[1 ]uA+hB,2eﬂ[1]vA (20)

With the knowledge of the precoder matrices and channel
responses h, [t] at times 1 and 2 (whose estimates may be
supplied by terminals 28-29 via respective CSI feedbacks as
discussed hereinbefore), the transmitter (e.g., the base station
34) may obtain the effective channel responses h, ;f [t] and
may also know how to formulate w 5 in equation (20) for the
third transmission (i.e., transmission at time 3).

As mentioned earlier with reference to discussion related
to equation (17), if the channel prediction is perfect and
zero-forcing beamforming is used, H_[t]=1, which translates
toh A,leﬁ [t]:hB,zef[t]:l and h A,zeﬁ[t]:h&fﬁ[t]zo in equation
(19).

After the first two transmissions with signal-shaping using
the precoder, the base station 34 may have many options for
formulating the third transmission (i.e., transmission of the
combined symbol w z at time 3). In one embodiment, the
third transmission may also be applied with a precoder. How-
ever, in this case, Wz may need to be transmitted from both
transmit antennas 36-37 to ensure that w,  is received by both
terminals 28-29. The received signals at terminals A and B
(i.e., terminals 28-29) are captured by the expression below.

[ WaB } [ZA [3] }
+
Wap z5[3]

As discussed above, in case of perfect zero-forcing beam-
forming, H,t]=I, and thus equation (21) becomes:

[yA[s] } [h:ff,l ANAN @1

w1 K

22

In general, in case of a precoder-applied transmission of the
combined symbol from both base station antennas, the
received signal at terminal A at time 3 has slightly different
form than that given in equation (6). The received signal at
terminal A is given by:

Ya [3]:(hA,12ﬂ[3]+hA,12ﬂ[3])WAB+ZA [3]

In this case, the virtual second antenna signal for terminal A
(i.e., terminal 28) may be given by:

(23)

Yal3] = yal3) = (KL, 131 + K, [3]) 4 12) 24



US 9,363,002 B2

15

-continued
= (WL 131+ n, 30k (1 +

(n, 181 + W3 hs 2 [1]va +2al3] -

(n, 81+ nLB1)eal2)

Equations similar to equations (23) and (24) may be obtained
for terminal B as well.

In another embodiment, the base station 34 may apply
transmit beamforming (i.e., precoding) to the first and second
transmissions (as discussed earlier with reference to equa-
tions (19)-(20)) only, but not to the third transmission. In this
case, W,z may be transmitted from the first transmit antenna
36 only, or from the second transmit antenna 37 only, or from
both the first and the second transmit antennas.

In one embodiment, the base station 34 may optimize the
precoder determination (or selection) using various
approaches. For example, in one approach, precoder selection
may be optimized individually for each transmission (e.g., for
transmission of symbols u, and v, at time 1, for transmission
of'symbols uz and vz at time 2, and for transmission of symbol
W, at time 3). In this case, P[t] is a function of f[t], i.e.,
P[t]=f([t]), and is determined separately for each t=1, 2, 3.
This approach includes the zero-forcing and eigen-beam-
former methods discussed earlier. In another approach, pre-
coders for base station’s transmissions at times 1, 2, and 3
(i.e., P[t], t=1, 2, 3) may be first jointly optimized (as dis-
cussed below) based on the channel feedbacks (CSI’s) avail-
able. The channel feedbacks (as discussed before with refer-
ence to discussion of predicted channel and equation (10))
may be represented by time-wise consecutive estimates of
earlier channels given by H[0], H[-1],...,A[n-1] (assuming
negligible channel delay “D”), where “n” is a predetermined
number of old estimates that may be selected as per desired
implementation. The base station 34 may then apply each
precoder from this jointly optimized set of precoders (i.e.,
{P(1), P(2), P(3)}) to each corresponding transmission at
times 1, 2, and 3 (i.e., precoder P(1) applied to transmission at
time 1, precoder P(2) applied to transmission at time 2, etc.).
Similarly, such joint optimization may continue prior to each
subsequent set of transmissions of symbols (i.e., symbols u ,
V4, Ug, Vg, and w ) from the base station 34. In particular, it
may be assumed, without much loss of generality, that the
channel matrices 11, Ar21, and H[3] may be first predicted
based on H[O] H[ 1], .. H[n—l], and then the precoders
(which are to be applied to corresponding transmissions at
times 1, 2, and 3) may be determined as a function of these
predicted channels, i.e., P[t]=f,(FI[1], F[2], [3]). The fol-
lowing describes an example to show how this can be done.
Other alternatives may be similarly devised as well.

In LTE, codebook based precoding is used. With this
approach, the precoder PJ[t] is selected from among a set of
precoders P={P, P,, ..., P, }, where L is the total number of
precoders. Thus, depending on which precoder is used, there
may be L possible matrices of H,[t] for a predicted channel
matrix one H[t]—l e., one H_Jt] for each precoder selected
for a given H[t] (because of one-to-one correspondence
between H_,[t] and a precoder). Assuming that the selected
precoder is applied in all transmissions for terminal A (i.e.,
transmissions from equations (1) and (20)), the equivalent
2x2 MIMO received signal model for terminal A (i.e., termi-
nal 28 in FIG. 2) may be given by:
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@5

)
.

n1) “ s
(B 31+ LB (WE 31+ L BN

Va

zall] }

LA 131 - (67, 131 + K, 31)ea 2]

The equivalent 2x2 channel response for terminal A may be
thus given by:

AN w11

26)

AR ERAR AN AREY AR AN

and the equivalent 2x2 impairment vector for terminal A may
be given by:

. [ aall] } @n
ST a3 - (B3 + 1)l
Similarly, for terminal B (i.e., terminal 29 in FIG. 2):
K12) hih12] } @8
H‘%XZ — v >
(nF 31+ nd 121 (B 131+ ndL 131 Ta 2]
(29)

M_[ 212) }
| a1 - (131 + A BTl

For each equivalent 2x2 channel H,***, the channel capacity
can be calculated based on H **?, and R ***=B[z >**
(z,2%Y"], where “x” can be A or B (to represent terminal A or
terminal B, as applicable). Here FJ . . . ] refers to the expected
value operator. In theory, the expected value is the average
over the probability distribution of the quantity in brackets. In
practice, it can be approximated by a time average. For a
vector y, the expected value E[yy”] is identified as the corre-
lation matrix. It indicates how correlated the entries of vector
y are. For instance, if the entries are completely uncorrelated,
then the off-diagonal elements of the matrix are all zero. If the
entries are highly correlated, then the off-diagonal elements
are large. The individual channel capacity (which may be
measured in, for example, symbols/transmission, bits/sym-
bol, etc.) can be calculated as given below:

C(X):log del(1+(Rx2x2)—1/2Hx2x2(Rx2x2)—1/2) (30)

The total channel capacity may be thus given by the summa-
tion of individual terminal-specific channel capacities:

C=C(4)+C(B) 31

Since there may be L possible matrices of H,[t] at each time,
over three time intervals (t=1, 2, 3), there are L> possible
combinations of the triplet (Heﬁ[l] H, 2], H A3]). In one
embodiment, the base station 34 may evaluate the sum capac-
ity (in equation (31)) for each of these L* combinations, and
the effective channel combination (and the corresponding
combination of precoders {P(1), P(2), P(3)} due to one-to-
one correspondence between a precoder and H,{t] as men-
tioned earlier) that results in the highest sum capacity can be



US 9,363,002 B2

17

chosen after all L® possible combinations are evaluated. Thus,
instead of'individual determination, each precoder for respec-
tive base station transmission (at times 1, 2, and 3) may be
jointly determined along with the other two precoders prior to
the first transmission (i.e., transmission at time 1). The base
station 34 may then commence the transmission at times 1, 2,
and 3, and apply respective precoder (P(1), P(2), or P(3)) to
each transmission.

In one embodiment, the base station 34 may determine that
the prediction error (e.g., A in equation (10) above) is large
(i.e., beyond a predetermined threshold of acceptable error).
Such a situation may arise, e.g., due to an increase in relative
speed between the base station 34 and the terminals 28, 29. In
that case, precoding may become ineffective, and the precod-
ing-related steps (e.g., steps 48, 50, 52, 54, and 56 in the
flowchart 45 in FIG. 3) may be skipped. The base station 34
may instruct the terminals 28-29 (e.g., via appropriate control
signals such as, for example, the earlier-mentioned PDCCH
signal in an LTE network) to reduce the feedback so that only
the listening terminal sends its CSI (instead of both of the
terminals as discussed earlier with reference to the flowchart
45 in FIG. 3), which may result in a scheme that is similar to
the scheme discussed in the “Background” section hereinbe-
fore with reference to Paper-1.

FIG. 5 is a block diagram of an exemplary wireless termi-
nal 66 according to one embodiment of the present invention.
The terminal 66 may represent either of the terminals 28, 29
in FIG. 3. The terminal 66 may include a transceiver 68, an
antenna 69, a processor 70, and a memory 72. In particular
embodiments, some or all of the functionalities described
above (e.g., reception of transmissions (whether precoded or
not) from the base station 34 using the antenna 69 and trans-
ceiver 68; storage of the received transmission in the memory
72 prior to processing the transmission using the processor 70
to recover symbols sent therethrough; transmission of CSI
reports to the base station 34 using transceiver 68 and antenna
69; etc.) as being provided by wireless terminals or other
forms of mobile communication devices may be provided
using the processor 70 executing instructions stored on a
computer-readable medium, such as the memory 72 shown in
FIG. 5. Alternative embodiments of the terminal 66 may
include additional components beyond those shown in FIG. 5
that may be responsible for enabling the terminal’s 66 com-
munication with the base station 34 in the network 32 and for
providing certain aspects of the terminal’s functionality,
including any of the functionality described above and/or any
functionality necessary to support the solution described
above.

FIG. 6 is a block diagram of an exemplary communication
node or base station 34 according to one embodiment of the
present invention. The base station 34 may include a proces-
sor 74 to provide radio interface with the wireless terminals
28-29 (in the carrier network 32) via base station’s Radio
Frequency (RF) transmitter 76 and RF receiver 77 units,
which are coupled to the two antennas 36-37. The processor
74 may be configured (in hardware and/or software) to trans-
mit to the terminals 28-29 precoded symbols. In one embodi-
ment, the processor 74 may determine the appropriate pre-
coder using transmissions (i.e., partially-stale CSI feedbacks)
received from the terminals 28-29 via the receiver 77,
whereas base station’s transmissions to the terminals 28-29
may be carried out via the transmitter 76 and antennas 36-37.
The processor 74 may include a processing unit 80 in com-
munication with a memory 82 to process and store relevant
information. A scheduler (e.g., the scheduler 84 in FIG. 6) in
the base station 34 may provide the uplink transmission
scheduling decisions for the terminals 28-29 based on a num-
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ber of factors such as, for example, QoS (Quality of Service)
parameters, terminal’s buffer/memory status, uplink CSI
report received from the terminal, terminal’s processing
capabilities, etc. In one embodiment, the scheduler 84 may
have the same data structure as a typical scheduler in an eNB
in an LTE system.

The processor 74 may also provide additional baseband
signal processing (e.g., terminal registration, channel signal
information transmission, radio resource management, etc.)
as required. The processing unit 80 may include, by way of
example, a general 12-9051 purpose processor, a special pur-
pose processor, a conventional processor, a digital signal
processor (DSP), a plurality of microprocessors, one or more
microprocessors in association with a DSP core, a controller,
a microcontroller, Application Specific Integrated Circuits
(ASICs), Field Programmable Gate Arrays (FPGAs) circuits,
any other type of integrated circuit (IC), and/or a state
machine. Some or all of the functionalities described above as
being provided by a base station, a base station controller, a
node B, an evolved node B, an HeNB, a home base station, a
femtocell base station, and/or any other type of communica-
tion node may be provided by the processing unit 80 execut-
ing instructions stored on a computer-readable data storage
medium, such as the memory 82 shown in FIG. 6.

The base station 34 may further include a timing and con-
trol unit 86 and a network controller interface unit 88 as
illustrated in FIG. 6. The control unit 86 may monitor opera-
tions of the processor 74 and the interface unit 88, and may
provide appropriate timing and control signals to these units.
The interface unit 88 may provide a bi-directional interface
for the base station 34 to communicate with the network
controller 42 to facilitate administrative, call-management,
and external resource-management functions for the base
station 34 and the wireless terminals 28-29 operating in the
carrier network 32.

Alternative embodiments of the base station 34 may
include additional components responsible for providing
additional functionality, including any of the functionality
identified above and/or any functionality necessary to support
the solution described above. Although features and elements
are described above in particular combinations, each feature
or element can be used alone without the other features and
elements or in various combinations with or without other
features and elements. The methodology provided herein (re-
lated to usage of partially-stale CSI) may be implemented in
a computer program, software, or firmware incorporated in a
computer-readable storage medium (e.g., the memory 82 in
FIG. 6) for execution by a general purpose computer or a
processor (e.g., the processing unit 80 in FIG. 6). Examples of
computer-readable storage media include a Read Only
Memory (ROM), a Random Access Memory (RAM), a digi-
tal register, a cache memory, semiconductor memory devices,
magnetic media such as internal hard disks, magnetic tapes
and removable disks, magneto-optical media, and optical
media such as CD-ROM disks and Digital Versatile Disks
(DVDs).

The foregoing describes a system and method in which a
base station treats the Channel State Information (CSI) from
wireless terminals as only partially-stale, and exploits this
partially-stale CSI to predict the current channel from old
estimates of the channel. The predicted channel is then used to
design a precoder. Thereafter, the base station shapes the
transmitted signal with the precoder so as to match it as
closely as possible to the current channel. Particular embodi-
ments of the disclosed solutions combine the benefits of the
stale feedback scheme with precoding to match the channel.
As a result, the signal received at a terminal is better condi-
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tioned, thereby providing a greater overall boost in perfor-
mance of the communication arrangement between the base
station and the terminal. The usage of partially-stale CSI can
be important for dense networks with a large number of
simple terminals having a single antenna, a noisy front end,
limited processing capability, and slow feedback. This makes
the boost in the terminal’s performance afforded by the
present invention particularly useful.

It is noted here that the teachings of the present invention
related to usage of partially-stale CSI may be applied, with
suitable modifications (as may be apparent to one skilled in
the art using the present teachings), to a number of different
wireless systems or networks, such as, for example, net-
works/systems using 3G/4G specifications. Some examples
of such systems or networks include, but not limited to, Glo-
bal System for Mobile communications (GSM) networks,
LTE networks, LTE-Advanced networks, UTRAN/E-UT-
RAN networks, Wideband Code Division Multiple Access
(WCDMA) systems, WCDMA-based High Speed Packet
Access (HSPA) systems, CDMA2000 systems, GSM/En-
hanced Data Rate for GSM Evolution (GSM/EDGE) sys-
tems, Evolution-Data Optimized (EV-DO) systems, and
Worldwide Interoperability for Microwave Access (WiMAX)
systems.

As will be recognized by those skilled in the art, the inno-
vative concepts described in the present application can be
modified and varied over a wide range of applications.
Accordingly, the scope of patented subject matter should not
be limited to any of the specific exemplary teachings dis-
cussed above, but is instead defined by the following claims.

What is claimed is:
1. A method of providing wireless transmissions between a
processor-controlled base station and a plurality of terminals
via a communication channel established in a wireless net-
work, wherein the base station includes a plurality of transmit
antennas, the method comprising steps of:
using the processor, receiving respective terminal-specific
Channel State Information (CSI) feedback from each of
a first terminal and a second terminal in the plurality of
terminals, wherein each terminal-specific CSI feedback
corresponds to all antenna element-specific transmis-
sions from the base station to either of the first and the
second terminals, wherein the antenna element-specific
transmissions temporally precede the terminal-specific
CSI feedback;

using the processor, determining a predicted communica-
tion channel based on a pre-determined number of time-
wise consecutive channel estimates, wherein the pre-
dicted communication channel represents a prediction
of the communication channel based on partially stale
CSI feedback, wherein the pre-determined number of
time-wise consecutive channel estimates are generated
by repeating the reception of the CSI feedback from the
first and the second terminals and determination of chan-
nel estimate for a pre-determined number of temporally
consecutive base station transmissions, wherein the pre-
determined number of time-wise consecutive channel
estimates represents a pre-determined number of time-
wise correlated CSI feedbacks;

using the processor, shaping at least one terminal-specific

transmission intended for the corresponding one or both
of the first and the second terminals based on the pre-
dicted communication channel; and

using the processor, providing a common transmission

intended for both of the first and the second terminals,
wherein the providing step includes:
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using the predicted communication channel to determine a
precoder matrix;
determining effective antenna element-specific channel
parameters based on past precoder matrices and CSI
5 feedback from each of'the first and the second terminals;
and

formulating a combined symbol based on the effective

antenna element-specific channel parameters and infor-
mation symbols included in an earlier terminal-specific
transmission to at least one of the first and the second
terminals.

2. The method of claim 1, wherein the communication
channel is a Radio Frequency (RF) channel.

3. The method of claim 1, wherein the step of determining
15 the predicted communication channel includes:

using the processor, determining a channel estimate of the

communication channel based on the respective termi-
nal-specific CSI feedback received from each of the first
and the second terminals; and

using the processor, determining the predicted communi-

cation channel based on the pre-determined number of
time-wise consecutive channel estimates.

4. The method of claim 3, wherein the plurality of transmit
antennas includes a first antenna and a second antenna, and
wherein receiving the respective terminal-specific CSI feed-
back includes:

using the first transmit antenna, at a first time, transmitting

over the communication channel a first symbol intended
for the first terminal,

using the second transmit antenna, at the first time, trans-

mitting over the communication channel a second sym-
bol intended for the first terminal;

receiving the CSI feedback from the first terminal includ-

ing estimates of a first pair of antenna element-specific
parameters related to a status of the communication
channel at the first time; and

receiving the CSI feedback from the second terminal

including estimates of a second pair of antenna element-
specific parameters related to the status of the commu-
nication channel at the first time.

5. The method of claim 4, wherein the step of determining
the channel estimate includes:

determining the channel estimate associated with the first

time using the estimates of the first and the second pairs
of antenna element-specific parameters.

6. The method of claim 5, wherein the step of repeating the
reception of the terminal-specific CSI feedback and determi-
nation of the channel estimate includes:

using the first antenna, at a second time, transmitting over

the communication channel a third symbol intended for
the second terminal;

using the second antenna, at the second time, transmitting

over the communication channel a fourth symbol
intended for the second terminal,

receiving the CSI feedback from the second terminal

including estimates of the second pair of antenna ele-
ment-specific parameters related to a status of the com-
munication channel at the second time;

receiving the CSI feedback from the first terminal includ-

ing estimates of the first pair of antenna element-specific
parameters related to the status of the communication
channel at the second time; and

determining the channel estimate associated with the sec-

ond time using the estimates of the first and the second
pairs of antenna element-specific parameters received in
response to the transmissions of the third and the fourth
symbols at the second time.
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7. The method of claim 3, wherein the step of determining
the predicted communication channel includes:

determining the predicted communication channel by

using a moving average of the pre-determined number of
time-wise consecutive channel estimates.

8. The method of claim 3, wherein the pre-determined
number of temporally consecutive base station transmissions
includes more than one transmissions, and wherein the pre-
determined number of time-wise consecutive channel esti-
mates includes more than one estimates.

9. The method of claim 1, wherein the step of shaping at
least one transmission includes at least one of the following:

applying the precoder to at least one terminal-specific

transmission intended for the first terminal prior to send-
ing the transmission to the first terminal, and

applying the precoder to at least one terminal-specific

transmission intended for the second terminal prior to
sending the transmission to the second terminal.

10. The method of claim 9, wherein the precoder is one of
the following: a zero-forcing precoder based on an inverse of
the predicted communication channel; and an eigen-beam-
former based on a unitary matrix.

11. The method of claim 9, wherein determining the pre-
coder includes one of the following:

separately determining each of the following:

a first precoder for a first terminal-specific transmission

intended for the first terminal,

a second precoder for a second terminal-specific transmis-

sion intended for the second terminal, and

a third precoder for a combined symbol to be transmitted

by the processor as the common transmission to both of
the first and the second terminals, wherein the combined
symbol includes a channel-status related information
associated with the first and the second terminal-specific
transmissions along with information related to the con-
tents of the first and the second terminal-specific trans-
missions; and

jointly selecting the first, the second, and the third precod-

ers prior to applying any of the first, the second, and the
third precoders to a corresponding one or more terminal-
specific transmissions.

12. The method of claim 11, wherein jointly selecting the
first, the second, and the third precoders includes:

evaluating a channel capacity using a plurality of sets of

pre-determined precoders, wherein the channel capacity
is based on individual channel capacities modeled for
the first and the second terminals; and

selecting that one of the plurality of sets of pre-determined

precoders which results in a highest value for the chan-
nel capacity under evaluation, wherein the selected set of
pre-determined precoders contains the first, the second,
and the third precoders.

13. The method of claim 1, further comprising the steps of:

using the processor, monitoring a prediction error associ-

ated with determination of the predicted communication
channel; and

using the processor, discontinuing the shaping of the at

least one terminal-specific transmission when the pre-
diction error is more than a predetermined threshold of
error.

14. A method of providing wireless transmissions between
a processor-controlled base station and a plurality of termi-
nals via a communication channel established in a wireless
network, wherein the base station includes a plurality of
transmit antennas, the method comprising steps of:

using the processor, receiving respective terminal-specific

Channel State Information (CSI) feedback from each of
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a first terminal and a second terminal in the plurality of
terminals, wherein each terminal-specific CSI feedback
corresponds to all antenna element-specific transmis-
sions from the base station to either of the first and the
second terminals, wherein the antenna element-specific
transmissions temporally precede the terminal-specific
CSI feedback;

using the processor, determining a predicted communica-
tion channel based on a pre-determined number of time-
wise consecutive channel estimates, wherein the pre-
dicted communication channel represents a prediction
of the communication channel based on partially stale
CSI feedback, wherein the pre-determined number of
time-wise consecutive channel estimates are generated
by repeating the reception of the CSI feedback from the
first and the second terminals and determination of chan-
nel estimate for a pre-determined number of temporally
consecutive base station transmissions, wherein the pre-
determined number of time-wise consecutive channel
estimates represents a pre-determined number of time-
wise correlated CSI feedbacks;

using the processor, shaping at least one terminal-specific
transmission intended for the corresponding one or both
of the first and the second terminals based on the pre-
dicted communication channel, wherein the step of
shaping at least one transmission includes:

determining a precoder based on the predicted communi-
cation channel; and

performing at least one of the following:

applying the precoder to at least one terminal-specific
transmission intended for the first terminal prior to send-
ing the transmission to the first terminal, and

applying the precoder to at least one terminal-specific
transmission intended for the second terminal prior to
sending the transmission to the second terminal:

wherein the plurality of transmit antennas includes a first
antenna and a second antenna, and wherein the method
further comprises performing the following using the
processor:

applying the precoder to a first symbol and a second sym-
bol to be transmitted to the first terminal;

using the first transmit antenna, at a first time, transmitting
over the communication channel the precoder-applied
first symbol intended for the first terminal;

using the second transmit antenna, at the first time, trans-
mitting over the communication channel the precoder-
applied second symbol intended for the first terminal;

receiving the CSI feedback from the second terminal
including estimates of a first pair of effective antenna
element-specific parameters related to a status of the
communication channel at the first time;

applying the precoder to a third symbol and a fourth sym-
bol to be transmitted to the second terminal;

using the first transmit antenna, at a second time, transmit-
ting over the communication channel the precoder-ap-
plied third symbol intended for the second terminal;

using the second transmit antenna, at the second time,
transmitting over the communication channel the pre-
coder-applied fourth symbol intended for the second
terminal;

receiving the CSI feedback from the first terminal includ-
ing estimates of a second pair of effective antenna ele-
ment-specific parameters related to the status of the
communication channel at the second time; and

using the processor, generating a combined symbol for a
common transmission intended for both of the first and
the second terminals and containing a summation of a
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plurality of products, wherein each product is a multi-
plication of an effective antenna element-specific
parameter from the first and the second pairs of effective
antenna element-specific parameters with a correspond-
ing one of the first, second, third, and fourth symbols.
15. The method of claim 14, further comprising one of the
following steps:
using the processor, performing the following:
applying the precoder to the combined symbol, and
using the first and the second antennas, transmitting the

precoder-applied combined symbol over the commu-
nication channel at a third time; and
using the processor, performing one of the following:
using the first antenna, transmitting the combined sym-

bol over the communication channel at the third time
without applying the precoder to the combined sym-
bol,

using the second antenna, transmitting the combined
symbol over the communication channel at the third
time without applying the precoder to the combined
symbol, and

using the first and the second antennas, transmitting the
combined symbol over the communication channel at
the third time without applying the precoder to the
combined symbol.

16. A method of providing wireless transmissions from a
processor-controlled base station that is in wireless commu-
nication with two or more terminals via a communication
channel established in a wireless network, wherein the base
station includes two or more transmit antennas and each of the
two or more terminals has at least one receive antenna, and
wherein the method comprises the steps of:

using the processor, receiving respective terminal-specific
Channel State Information (CSI) feedback from each of
the two or more terminals, wherein each terminal-spe-
cific CSI feedback corresponds to all antenna element-
specific transmissions from the base station to any of the
two or more terminals, wherein the antenna element-
specific transmissions temporally precede the terminal-
specific CSI feedback;

using the processor, determining a channel estimate of the
communication channel based on the respective CSI
feedback received from each of the two or more termi-
nals;

using the processor, repeating the reception of the CSI
feedback from the two or more terminals and determi-
nation of the channel estimate for a pre-determined
number of temporally consecutive base station transmis-
sions, thereby generating a pre-determined number of
time-wise consecutive channel estimates;

using the processor, determining a predicted communica-
tion channel based on the pre-determined number of
time-wise consecutive channel estimates, wherein the
predicted communication channel represents a predic-
tion of the communication channel based on partially
stale CSI feedback, wherein the predetermined number
of time-wise consecutive channel estimates represent a
predetermined number of time-wise correlated CSI
feedback;

using the processor, shaping at least one terminal-specific
transmission intended for the corresponding one or more
of the two or more terminals based on the predicted
communication channel; and

using the processor, providing a common transmission
intended for all of the two or more terminals, wherein the
providing step includes:
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using the predicted communication channel to determine a
precoder matrix;

determining effective antenna-specific channel parameters
based on past precoder matrices and CSI feedback from
each of the first and the second terminals; and

formulating a combined symbol based on effective antenna
element-specific channel parameters and information
symbols included in an earlier terminal-specific trans-
mission to at least one of the two or more terminals.

17. A base station that is in wireless communication with a

first terminal and a second terminal via a communication
channel in a wireless network, wherein the base station has a
plurality of transmit antennas, and wherein the base station
comprises a processor and is configured to perform the fol-
lowing:

receive a respective terminal-specific Channel State Infor-
mation (CSI) feedback from each of the first and the
second terminals, wherein each terminal-specific CSI
feedback corresponds to all antenna element-specific
transmissions from the base station to either of the first
and the second terminals, wherein the antenna element-
specific transmissions temporally precede the terminal-
specific CSI feedback;

using the processor to determine a predicted communica-
tion channel based on a pre-determined number of time-
wise consecutive channel estimates, wherein the pre-
dicted communication channel represents a prediction
of the communication channel based on partially stale
CSI feedback, wherein the pre-determined number of
time-wise consecutive channel estimates are generated
by repeating the reception of the CSI feedback from the
first and the second terminals and determination of chan-
nel estimate for a pre-determined number of temporally

consecutive base station transmissions, wherein the pre-
determined number of time-wise consecutive channel
estimates represents a pre-determined number of time-
wise correlated CSI feedbacks;

shape at least one terminal-specific transmission intended

for the corresponding one or both of the first and the
second terminals based on the predicted communication
channel; and

provide a common transmission intended for both of the

first and the second terminals, wherein the providing
step includes:

using the predicted communication channel to determine a

precoder matrix;

determining effective antenna element-specific channel

parameters based on past precoder matrices and CSI
feedback from each of'the first and the second terminals;
and

formulating a combined symbol based on the effective

antenna element-specific channel parameters and infor-
mation symbols included in an earlier terminal-specific
transmission to at least one of the first and the second
terminals.

18. The base station of claim 17, the processor further
configured to perform the following as part of shaping the at
least one terminal-specific transmission:

apply the precoder to at least one terminal-specific trans-

mission intended for the first terminal prior to sending
the transmission to the first terminal, and

apply the precoder to at least one terminal-specific trans-

mission intended for the second terminal prior to send-
ing the transmission to the second terminal.

19. A base station that is in wireless communication with a
first terminal and a second terminal via a communication
channel in a wireless network, wherein the base station com-
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prises a plurality of transmit antennas and a processor, and
wherein the base station is configured to perform the follow-
ing:
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and containing a summation of a plurality of products,
wherein each product is a multiplication of an effective
antenna element-specific parameter from the first and

receive a respective terminal-specific Channel State Infor-
mation (CSI) feedback from each of the first and the
second terminals, wherein each terminal-specific CSI
feedback corresponds to all antenna element-specific
transmissions from the base station to either of the first
and the second terminals, wherein the antenna element-

the second pairs of effective antenna element-specific
parameters with a corresponding one of the first, second,
third, and fourth symbols; and

using at least one of the first and the second antennas,
transmit the combined symbol over the communication
channel at a third time.

specific transmissions temporally precede the terminal- 10 20. A system comprising:
specific CSI feedback; a communication node that is in wireless communication
using the processor to determine a predicted communica- with a plurality of wireless terminals via a communica-
tion channel based on a pre-determined number of time- tion channel established in a wireless network, wherein
wise consecutive channel estimates, wherein the pre- the communication node has a plurality of transmit
dicted communication channel represents a prediction 15 antennas and a processor, and is configured to perform
of the communication channel based on partially stale the following:
CSI feedback, wherein the pre-determined number of receive a respective terminal-specific Channel State Infor-
time-wise consecutive channel estimates are generated mation (CSI) feedback from each of the plurality of
by repeating the reception of the CSI feedback from the wireless terminals,
first and the second terminals and determinationofchan- 20 using the processor to determine a channel estimate of the
nel estimate for a pre-determined number of temporally communication channel based on the respective CSI
consecutive base station transmissions, wherein the pre- feedback received from each of the plurality of wireless
determined number of time-wise consecutive channel terminals,
estimates represents a pre-determined number of time- repeat the reception of the CSI feedback from the plurality
wise correlated CSI feedbacks; 25 of wireless terminals and determination of the channel
shape at least one terminal-specific transmission intended estimate for a pre-determined number of temporally
for the corresponding one or both of the first and the consecutive transmissions from the communication
second terminals based on the predicted communication node, thereby generating a pre-determined number of
channel, wherein the processor is configured to: time-wise consecutive channel estimates, wherein the
determine a precoder based on the predicted communica- 30 predetermined number of time-wise consecutive chan-
tion channel; and nel estimates represent a predetermined number of time-
perform at least one of the following: wise correlated CSI feedback;
apply the precoder to at least one terminal-specific trans- determine a predicted communication channel based on
mission intended for the first terminal prior to sending the predetermined number of time-wise consecutive
the transmission to the first terminal, and 35 channel estimates, wherein the predicted communica-
apply the precoder to at least one terminal-specific trans- tion channel represents a prediction of the communica-
mission intended for the second terminal prior to send- tion channel based on partially stale CSI feedback;
ing the transmission to the second terminal; shape at least one terminal-specific transmission intended
wherein the plurality of transmit antennas includes a first for the corresponding one or both of the plurality of
antenna and a second antenna, and wherein the base 40 wireless terminals based on the predicted communica-
station is further configured to perform the following: tion channel, and
apply the precoder to a first symbol and a second symbol to provide a common transmission intended for plurality of
be transmitted to the first terminal; wireless terminals and related to a combination of,
using the first transmit antenna, at a first time, transmit over wherein the communication node is configured to:
the communication channel the precoder-applied first 45  utilize the predicted communication channel to determine
symbol intended for the first terminal; a precoder matrix;
using the second transmit antenna, at the first time, transmit using the processor to determine effective antenna-specific
over the communication channel the precoder-applied channel parameters based on past precoder matrices and
second symbol intended for the first terminal; CSI feedback from each of the plurality of wireless
receive the CSI feedback from the second terminal includ- 50 terminals; and
ing estimates of a first pair of effective antenna element- formulate a combined symbol based on the effective
specific parameters related to a status of the communi- antenna element-specific channel parameters and infor-
cation channel at the first time; mation symbols included in an earlier terminal-specific
apply the precoder to a third symbol and a fourth symbol to transmission to at least one of the plurality of wireless
be transmitted to the second terminal; 55 terminals; and
using the first transmit antenna, at a second time, transmit the plurality of wireless terminals configured to provide the
over the communication channel the precoder-applied respective terminal-specific CSI feedbacks to the com-
third symbol intended for the second terminal; munication node, wherein each terminal-specific CSI
using the second transmit antenna, at the second time, feedback corresponds to all antenna element-specific
transmit over the communication channel the precoder- 60 transmissions from the communication node to one of

applied fourth symbol intended for the second terminal;
receive the CSI feedback from the first terminal including
estimates of a second pair of effective antenna element-
specific parameters related to the status of the commu-
nication channel at the second time;
generate a combined symbol for a common transmission
intended for both of the first and the second terminals

the plurality of wireless terminals, wherein the antenna
element-specific transmissions temporally precede the
terminal-specific CSI feedback.

21. The system of claim 20, wherein the communication

65 node is further configured to shape the at least one terminal-

specific transmission using the precoder determined from the
predicted communication channel, and wherein each of the



US 9,363,002 B2
27

plurality of wireless terminals is configured to recover one or
more symbols from at least one precoder-applied transmis-
sion received from the communication node.
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